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INTRODUCTION
The existence of compensatory mechanisms involving the remaining modalities in cases of sensory loss (such as congenital blindness or deafness) has been a matter of long debate [1±4] . A growing body of evidence has been accumulating on animal and human subjects which supports the concept of perceptual compensation associated with altered neural functions within the intact modalities [5±7] . For example, important cross-modal plasticity was demonstrated in kittens that had been submitted to visual deprivation shortly after birth [3] . This rearing regimen resulted in the appearance of neurons in the auditory portion of the anterior ectosylvian area showing sharper spatial tuning and the extension of auditory responsive cortex to regions normally involved in visual processing. When tested in a task requiring them to localize sounds, these animals showed signi®cantly superior precision when compared with normally reared cats [7] . In humans, PET imaging studies [8] showed that the primary visual cortex of congenitally blind subjects was activated during Braille reading, a clearly tactile-based task. Moreover, transcranial magnetic stimulation, which disrupts underlying neuronal activity, applied over the occipital cortex of these subjects, impaired Braille reading performance [6] .
However, this activation may in part have resulted from high level cognitive or attentive language-based processing rather than from somatosensory analysis per se, since the imaging studies showed much less activation of visual structures by tactile discrimination of roman numerals. These results nonetheless strongly suggest that a cortical region normally involved in vision can be activated by non-visual stimulation as a result of deprivation. Individuals with sensory loss might hence show perceptual compensation through the recruitment of these deafferented areas. We have demonstrated [9] that totally blind subjects localize binaurally presented sounds as well as sighted individuals and outperform the latter under monaural listening conditions. These results suggest that visually challenged individuals can elaborate maps of space despite lacking a visual calibrating system. Here we show that blind subjects who correctly localize sounds in space under binaural listening condition and who outperform sighted individuals under monaural listening conditions [9] , probably do so as a result of cross-modal reorganization at the cortical level whereby their deafferented visual structures are taken over by and contribute to the treatment of acoustic stimuli. Multi-foci auditory event-related potentials (ERPs) were thus recorded in congenitally blind subjects whose pathologies concerned only the peripheral system. We examined in particular the latencies, amplitudes and topographical distributions of the main components (N1 and P3) of this electrocortical evoked response. Were these two markers of brain activation to appear over posterior occipital regions during auditory stimulation, in addition to their normal frontal-parietal sites, it would con®rm that the visual cortex of blind subjects is activated by the sound and probably participates in auditory processing.
MATERIALS AND METHODS
Four totally blind subjects (two men, two women, all righthanded, mean age 27 AE 5 years) with congenital de®cits affecting the peripheral visual system (retina and optic nerve) were tested. These subjects had demonstrated the best sound localization performances in a previous study [9] . Twelve normally sighted but blindfolded subjects constituted the control group (six women and six men, all right-handed, mean age 27 AE 3 years). All these subjects gave their informed written permission to participate in the study. The task involved no pain or physical and psychological discomfort. The protocols were submitted to and approved by the Universite Â de Montre Âal ethics committee.
The acoustic apparatus used to deliver the sounds was a simpli®ed version of a more complex system described elsewhere [10] . It consisted of four loudspeakers mounted on a graduated semicircular perimeter (radius 50 cm) positioned at AE 588 and AE 168 from the mid-sagittal plane. The subject was seated in the center of the perimeter, the head placed on a head-rest attached to the chair with the speakers positioned at ear level. All testing was done in an anechoic chamber. Subjects were tested under binaural listening conditions. The stimuli were broad-band noise bursts that lasted 30 ms (10 ms rise/fall time and 10 ms plateau). The sound pressure level (SPL) was maintained at 40 dB (reference 20 ìPa). Two-hundred stimuli (50 per speaker) were randomly delivered, with a 2.5 s interstimulus interval. All subjects were asked to localize the sound sources by pressing one of four keys on a computer keyboard, corresponding to the perceived location of the sound. The responses were compiled by means of a computer situated outside the anechoic room.
EEG recordings: Data acquisition were made possible by an InstEP system that was also used to trigger the computer controlling stimulus presentation. The EEG was recorded from 30 tin electrodes mounted in a cap (Electrocap International, Inc.1). The electrodes were placed according to the guidelines for standard electrode position of the American EEG Society (Fp1, Fp2, AF3, AF4, F7, F3, Fz, F4, F8, FC3, FC4, T7, C3, C1, Cz, C2, C4, T8, TP7, CP3, CP4, TP8, P7, P3, Pz, P4, P8, O1, Oz and O2). All electrodes were referenced to linked earlobes and their impedances were kept below 5 KÙ. The electro-oculogram (EOG) was recorded using four tin electrodes. For the horizontal EOG, electrodes were placed at the outer canthus of each eye and for the vertical EOG, they were placed above and below the right eye, in line with the pupil when looking straight ahead. EEG and EOG were ampli®ed through a bio-electric ampli®er (SA Instrumentation), respectively, with a gain of 10 000 and 3500, with a band-pass of 0.1± 100 Hz.
Data extraction and statistical analyses:
The EEG was averaged time-locked to the stimulus. The EEG epochs had a total sweep time of 1024 ms (sampling rate of 256 Hz). EEG epochs began 30 ms before each stimulus onset and lasted for an additional 994 ms. The peak latencies of ERP de¯ections were determined for each subject at the point where the de¯ection reached the maximum amplitude. Epochs contaminated by blinks or eye movements artefacts were corrected using a dynamic regression of the EOG on the EEG in the frequency domain [11] . The remaining muscle activity in the EEG not correlated with eye movements or other extracerebral artefacts (voltage variation . 150 ìV at any electrode) were automatically rejected from averaging after the EOG correction had been conducted. Mean and baseline of EEG were then computed for each electrode position, allowing ERP components to be manifested. Peak latencies used for each of the components were determined for every subject from the electrode where the de¯ection reached its maximum amplitude, in the present case at central positions for N1 and parietal derivations for P3. Analyses conducted on amplitude and topography were performed using the standard baselineto-peak picking procedure. This approach consisted of picking the maximum amplitude within a pre-determined and ®xed latency window. The latency windows used for N1 and P3 were, respectively, 50±150 ms and 250±400 ms. For scalp topography comparisons, N1 and P3 amplitudes were measured in reference to the 30 ms baseline. For statistical comparisons, the data was analysed using the StatMap program for topographical analysis (DigiMed Systems Inc.) and the Advanced Source Analysis (ASA) software packages dedicated to functional brain imaging based on EEG data compatible with the InstEP recording system. The mapping program allows for the representation of the actual voltage distribution on the scalp in a three dimensional fashion. It is thus possible to compare the two groups (blind and sighted groups) using t-test analyses, as well as the data obtained from a single blind subject to the mean values of the sighted group using Zscore mapping.
RESULTS
Task performance: The congenitally blind subjects were more accurate in localizing binaurally presented sounds than the sighted, but differences in localization ability failed to reach signi®cance (mean blind 96%, mean sighted 85%, t À0.693, p . 0.05). These ®ndings replicate those reported in the previous study [9] . As was the case in the latter, the lack of signi®cant supra-normal performance by the blind under the present testing conditions is interpreted as being due to a ceiling effect resulting from the relatively low level of dif®culty of the binaural task.
Auditory evoked-potentials: Figure 1 shows the grandaverage ERPs for each group, at four midline sites, namely Fz, Cz, Pz and Oz. These sites were chosen to represent the results obtained from the 30 electrodes because they best exemplify the anterior-posterior scalp distribution of evoked responses. Analyses were conducted on latencies, amplitudes and scalp distributions of both the N1 and P3 components for all the electrodes used for recording. For all subjects, the peak latency of each component was obtained from the site where the de¯ection reached its maximum amplitude.
The N1 latency, when compared between the two groups, failed to show a group main effect (F(1,14) (F(1,14) 0.18, p . 0.05), but revealed a group 3 site interaction (F(2.39,31.12) 4.13, p , 0.05, Huynh-Feldt epsilon 0.79807). The source of this effect is demonstrated by comparing the N1 scalp distributions between the two groups, using a t-test at maximum amplitudes (see Fig. 1 for a comparison at four representative sites). In frontal-central (Fz and Cz) and parietal (Pz) areas, there was a prominent negative de¯ection but with no marked differences in amplitudes between the two groups (Fz: t(14) À0.769, p . 0.05; Cz: t(14) À0.876, p . 0.05; Pz: t(14) 0.957, p . 0.05). However, at the occipital pole, sighted subjects showed almost no activation whereas the blind manifested a prominent N1 de¯ection (Oz: t(14) 3.038, p , 0.05; see Fig. 1 ). It seems therefore that in blind subjects, N1 occurs not only at its expected sites but also in much more posterior areas, where it is normally absent.
The same statistical procedures were applied to the P3 component. Measured at maximum amplitude, there were no marked differences in P3 latencies between the two groups (F(1,14) Fig. 1 , where signi®cant differences emerged from scalp distributions of the P3 between the two groups. These topographical differences are mainly seen in parietal-occipital areas (Pz and Oz) while the frontal-central activation did not differ between the two groups (Fz: t(14) À0.776, p . 0.05; Cz: t(14) À1.6, p . 0.05). When considering the region where P3 normally peaks, namely parietal regions, blind subjects showed a signi®cantly larger amplitude (Pz: t(14) À2.93, p , 0.05) with respect to sighted subjects. Moreover, a signi®cant difference in amplitude was also observed in the occipital area (Oz) between the blind and sighted groups, the former showing a much stronger positive de¯ection when compared to the latter (Oz: t(14) À3.21, p , 0.05).
The scalp distributions of these two components are also shown for the 30 electrodes in the topographical maps presented in Fig. 2 (for N1) and Fig. 3 (for P3) . These ®gures illustrate, in the form of a color gradient, the amount of underlying cortical negative and positive activation, respectively, for each of the two groups. The results of the statistical analyses are also illustrated along an analogous color gradient, which show that the main signi®cant differences between the two groups concern the posteriorly positioned group of electrodes. Grand average ERPs to auditory stimuli at four scalp positions for blind subjects (identi®ed by solid line) and sighted subjects (identi®ed by dotted line). The ®gure demonstrates that N1 is quite large at central (Cz) positions and is more attenuated at frontal (Fz) and parietal (Pz) regions in both groups. It is, however, almost absent at occipital (Oz) regions in sighted subjects but is very prominent in blind subjects. Although P3 was evoked at all positions for both groups and shows approximately the same pattern in both groups for frontal-central regions, it demonstrates higher amplitudes in blind subjects in more posterior areas Pz and Oz.
The topographical results for N1 and P3 obtained by each blind subject were also statistically compared using a Z-score to the results of the sighted control group as a whole. This Z-score mapping measures the deviation from the mean for each subject at each electrode site and computes the probability that this difference is statistically signi®cant. This is an important value since it indicates whether the expected effects stem from the pooling of the data or whether they are present in each experimental subject. Many studies, in fact, rely on such pooling strategies to bring out differences among subjects whose individual results are often quite heterogeneous. Our analyses showed that, as was the case for the pooled result, the individual blind subjects differed signi®cantly from the control group mean at posterior sites. Thus, as regards N1, signi®cant differences were found for all occipital derivations (Subject 1: z 2.28, p , 0.05; Subject 2: z 1.98, p , 0.05; Subject 3: z 2.48, p , 0.05; Subject 4: z 2.78, p , 0.01). For P3, moreover, signi®cant differences were found for all occipital derivations (Subject 1: z 2.05, p , 0.05; Subject 2: z 2.60, p , 0.01; Subject 3: z 2.25, p , 0.05; Subject 4: z 2.01, p , 0.05) and three of the four parietal derivations (Subject 1: z 1.98, p , 0.05; Subject 2: z 2.16, p , 0.05; Subject 3: z 2.22, p , 0.05). The differences between the controls and the fourth subject were also close to being signi®cant (Subject 4: z 1.45, p 0.14).
DISCUSSION
The most striking results obtained in this study suggest that perceptual compensation, which can take place in individuals who suffer loss in one sensory system, could rest at least in part on cross-modal brain reorganization. A number of researchers have used ERP and/or fMRI imaging to show that visual cortex can be activated by auditory stimulation in blind subjects. However, the paradigms were always designed to activate high level attention-based and/or cognitive processes. Accordingly, differences between sighted and blind subjects mainly concerned late latency events. In a more recent investigation [12] using an oddball type paradigm blind and sighted subjects had to attend to an infrequent deviant sound appearing in central or peripheral ®eld and ignore a second one differing in pitch presented in non-target speakers. Differences in amplitude between the attend and ignore conditions for the N1 component of the ERP showed a frontal maximum in sighted subjects and a central maximum in the blind, although only for peripheral target positions. This posterior shift in the N1 attention effect was taken as a demonstration of compensatory reorganization in the blind. In the present experiment, discrepancies in the actual N1 amplitudes and the scalp distribution of this component were particularly evident in posterior head regions, especially in parietal and occipital cortex, for blind when compared to sighted subjects, for whom it was conspicuously absent. This is the ®rst time that this component, which is in¯uenced by stimulus features and is related to stimulus selection-discriminative processes [13±15], has been shown to be evoked in visually related positions in sensory challenged individuals during the execution of an auditory sensory-perceptual task. This is especially important since it indicates that their normal or superior performance is based on stimulus feature analysis and not simply on better attentive processes or cognitive strategies.
The P3 was generally of high amplitude in all regions examined, but it was especially so in more posterior regions in early blind humans. This further supports our hypothesis of cross-modal recruitment of visual structures in the blind. This result, moreover, obtained in a task which requires actual perceptual processing, resembles the results obtained with blind subjects using the oddball paradigm [16] , which is invariably considered to constitute an attentive-cognitive task [17] . Similar underlying neural and cognitive mechanisms related to P3 may thus be activated in both auditory oddball and single-stimulus paradigms [18] , and these are displaced towards occipital regions in the blind. The fact that this attentional marker was shown to be larger in blind subjects suggests that they outperform the sighted also because they have access to more attentional resources and hence are better at focusing on the task requirements using not only the usual structures but also the recruited ones.
CONCLUSION
We have shown that deafferented posterior visual areas in blind individuals are recruited to carry out auditory functions. The mechanisms underlying this cross-modal plasticity are, however, unclear. One explanation proposes that changes occur at subcortical levels in structures that contain representations of more than one modality [19] . Thus, if a multimodal cell loses its input from one modality, its synaptic space is taken over by terminals from the remaining modalities. Others have argued that this plasticity might proceed through the activation of cortico-cortical connections [20±22], probably as a result of unmasking of latent, pre-existing auditory connections to The parietal sites where P3 normally peaks are activated in both groups, with signi®cantly ( p , 0.05) larger amplitude in the blind (shown in red) than the sighted group (shown in yellow). Moreover, higher activation in the blind group extends toward the occipital region (also shown in red), where the difference in amplitudes between the two groups attained signi®cance ( p , 0.05).
the visual system. This`horizontal' connection system could even rule out subcortical changes as a mechanism of restructuring cortical visual responsiveness [23] . In this model, the activation of the visual cortex in blind individuals would follow the normal activation of the auditory cortex. Clearly, further investigations need to be carried out in order to identify the speci®c mechanisms that may allow cross-modal plasticity, and hence, functional compensation in the blind.
